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A Role of Dishevelled in Relocating Axin
to the Plasma Membrane during Wingless Signaling
that are no longer stimulated by Wingless (“Wg cells”).
In these Wg cells, we see conspicuous green dots
throughout the cytoplasm (Figure 1G, arrowheads). Sim-
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ilar dots have been observed in vertebrate cells express-Hills Road
ing tagged Axin [17]; these dots are associated withCambridge, CB2 2QH
vesicles [18]. Interestingly, most of our Axin-GFP dotsUnited Kingdom
coincide with dots of E-APC staining (Figure 1I, arrow-
heads). E-APC is the main APC protein expressed in the
Drosophila embryonic epidermis; many of the E-APCSummary
dots accumulate in apicolateral regions along the
plasma membrane [19, 20]. This can be seen in youngWnt signaling causes changes in gene transcription
embryos that have just begun to express Axin-GFP (Fig-
that are pivotal for normal and malignant development
ure 2D), but, in older embryos in which Axin-GFP has
[1, 2]. A key effector of the canonical Wnt pathway is accumulated to high levels, E-APC is largely delocalized
-catenin, or Drosophila Armadillo. In the absence of from the plasma membrane and is recruited into the
Wnt ligand, -catenin is phosphorylated by the Axin cytoplasmic Axin-GFP dots (Figure 1H), presumably by
complex, which earmarks it for rapid degradation by direct binding [21]. It is likely that these dots represent
the ubiquitin system. Axin acts as a scaffold in this the Axin destruction complex. Thus, in Wg cells, this
complex, to assemble-catenin substrate and kinases complex appears to be located predominantly in the
(casein kinase I [CKI] and glycogen synthase kinase cytoplasm, where it actively promotes the degradation
3 [GSK3]) [3, 4]. The Adenomatous polyposis coli of Armadillo.
(APC) tumor suppressor also binds to the Axin com- Next, we expressed Axin-GFP in embryos without
plex, thereby promoting the degradation of -catenin APC function, i.e., in embryos that express a mutant
[5, 6]. In Wnt signaling, this complex is inhibited; as a E-APC protein (N175K) [22] and lack the second APC
consequence, -catenin accumulates and binds to protein (dAPC) that acts redundantly with E-APC [22–
TCF proteins to stimulate the transcription of Wnt tar- 24]. These APC double mutants show very few Axin-
get genes [1, 2]. Wnt-induced inhibition of the Axin GFP dots, and the green fluorescence appears mostly
complex depends on Dishevelled (Dsh) [7–9], a cyto- diffuse or grainy (Figure 1J). Indeed, the staining of the
plasmic protein that can bind to Axin [10, 11], but the mutant N175K protein itself appears grainy and is much
mechanism of this inhibition is not understood. Here, less dotty than the staining of wild-type E-APC [22] (Fig-
we show that Wingless signaling causes a striking ure 1K). The few remaining dots colocalize with Axin-
relocation of Drosophila Axin from the cytoplasm to GFP dots (Figure 1L, arrow). Thus, E-APC is required
the plasma membrane. This relocation depends on for the formation of the Axin-GFP dots, indicating that
Dsh. It may permit the subsequent inactivation of the the N175K mutant cannot promote Axin complex for-
Axin complex by Wingless signaling. mation.
The N175K mutant bears a missense mutation in a
surface residue of its Armadillo repeat domain, and itsResults and Discussion
loss of function is due to its inability to associate with
the plasma membrane [22]. This results in naked cuticlesTo study the subcellular distribution of Drosophila Axin
[22] (Figure 1D), the hallmark of ubiquitous Wingless[12], we tagged this protein with green fluorescent pro-
activation [8, 9] (Figures 1F and 2N). Intriguingly, thetein (GFP) and expressed it throughout the embryo with
N175K mutant is a fully stable protein that retains itsthe GAL4 system. This results in mutant embryonic cuti-
Axin binding site [22]. It binds to Axin as efficiently ascles with a “denticle lawn” phenotype (Figure 1B, com-
wild-type E-APC in vitro (Figure 1M). Thus, the inability ofpare to Figure 1A) that mimics loss of Wingless signaling
the N175K mutant protein to associate with the plasma[1]. Axin-GFP produces the same phenotype as un-
membrane appears to be the sole reason for its failuretagged Axin [13] (not shown); this finding indicates that
to promote Axin complex assembly.the tagged protein is fully functional. This phenotype
Expression of Axin-GFP in the APC double mutantreflects a loss of Armadillo [14], which in turn causes
embryos restores their mutant phenotype partially to-
premature loss of expression of Wingless target genes,
ward normal (Figure 1C). Thus, Axin-GFP is less active
including wingless itself, in midembryogenesis, [15] (not
in these mutants; this finding confirms that Axin function
shown). Similarly, overexpression of Axin proteins in depends on APC. This dependence is strong but not
mammalian cells reduces their -catenin levels [5, 6, absolute, and it is likely to reflect the role of APC in
16]. Thus, elevated Axin levels in the Drosophila embryo promoting Axin complex assembly. Moreover, overex-
counteract the normal Wingless response in cells that pression of Axin-GFP compensates to some extent for
are stimulated by Wingless (“Wg cells”). the loss of APC. This parallels the results in APC mutant
We first examined the subcellular distribution of Axin- cancer cells in which overexpressed Axin proteins can
GFP at late embryonic stages, i.e., in epidermal cells bypass the function of APC; this finding suggested that
APC has a regulatory role with regard to Axin [5, 6]. This
regulatory role could be to target Axin to a specific*Correspondence: mb2@mrc-lmb.cam.ac.uk
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Figure 1. Control of Axin Complex Assembly and Activity by APC
(A–F) Embryonic cuticles; (A) Wild-type, (B) Axin-GFP, (C) E-APCN175K dAPCQ8 mutant  Axin-GFP, (D) E-APCN175K dAPCQ8 mutant, (E) Axin-
GFP  Wingless, (F) Wingless. arm.GAL4 was used for ubiquitous expression (note that this driver produces patchy expression, i.e., some
cells show very little GFP fluorescence).
(G–L) Six- to ten-hr-old embryos expressing Axin-GFP, stained with -E-APC (red in merges). (G–I) Wild-type. (J–L) E-APCN175K dAPCQ8 mutant.
GFP dots in the wild-type are indicated by arrowheads; residual dots in the mutant are associated with the plasma membrane (arrows) in Wg
cells. Note that E-APC staining is dotty as well as grainy in the wild-type (H) but is predominantly grainy in the APC double mutant (K).
(M) In vitro binding between wild-type E-APC or mutant N175K protein and GST-Armadillo, GST-Axin, or GST alone, as indicated (input lanes,
total binding reaction; identical levels of input GST proteins were used, as confirmed by Coomassie blue staining; not shown).
subcellular location [25]: one would expect APC-medi- We next examined Axin-GFP expression in the epider-
mis of 3- to 6-hr-old embryos; at this stage, stripesated targeting to be less critical at elevated levels of
Axin expression. of Wg cells alternate with stripes of Wg cells [1]
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Figure 2. Relocation of Axin-GFP to the Plasma Membrane by Wingless Signaling
(A–D) An 5-hr-old embryo expressing (A) Axin-GFP, costained with (B) -Wingless and (D) -E-APC; (C) the merge shows green fluorescence
and Wingless expression (red). GFP dots are in the cytoplasm of Wg cells (arrowheads) but are associated with the plasma membrane
of Wg cells (arrows).
(E–G) An 5-hr-old wgcx4 mutant embryo expressing Axin-GFP, stained with -E-APC (red); none of the Axin-GFP dots are associated with
the plasma membrane.
(H–J) An 9-hr-old embryo coexpressing Axin-GFP and Wingless, stained with -E-APC (red). Axin-GFP is associated with the apicolateral
plasma membrane throughout the epidermis.
(K) Wild-type larval cuticle.
(L–N) Cuticles after mild overexpression of (L) Axin-GFP alone, (M) Axin-GFP  Wingless, or (N) Wingless alone; patches of naked cuticle in
(M) are indicated by arrowheads. (A–J) arm.GAL4 or (L–N) Antp.GAL4 was used.
(O) Western blot showing expression levels of Axin-GFP (produced by arm.GAL4) in 8- 16-hr-old embryos with or without coexpression of
Wingless (Wg), as indicated (the lane marked “y w” indicates control embryos without Axin-GFP); arrowheads point to full-length Axin-GFP
(above) and -tubulin (below, internal control).
(Figures 2B and 2C). As in older embryos, conspicuous recruitment of Axin to the plasma membrane. Our result
is the first direct demonstration that Wnt signaling trig-dots of Axin-GFP are scattered throughout the cyto-
plasm of Wg cells (Figure 2A, arrowheads). Strikingly, gers a relocation of Axin to the plasma membrane.
We examined the Axin-GFP levels by Western blotin Wg cells, these dots are associated almost exclu-
sively with apicolateral regions of the plasma membrane analysis to confirm that Axin-GFP is expressed at mod-
erate levels as an intact full-length fusion protein (Figure(Figure 2A, arrows). This is neither observed in the epi-
dermis of older embryos that lack Wingless expression 2O). Coexpression with Wingless did not change these
levels of Axin-GFP (Figure 2O), although we emphasize(Figure 1G–1I) nor in wingless mutants (Figure 2E–2G).
Conversely, coexpression of Wingless with Axin-GFP that our analysis can only detect a maximal reduction
to 50% (see the Experimental Procedures). The expo-causes a relocation of virtually all Axin-GFP dots to the
plasma membrane (Figure 2H–2J) and also restores the sure of these embryos to ubiquitous Wingless was 0–8
hr, so our inability to detect a decrease in Axin-GFPmembrane-associated staining of E-APC in older em-
bryos (Figure 2I). Thus, Wingless signaling is both neces- levels in response to Wingless is not inconsistent with
the previously determined half-life of tagged mammaliansary and sufficient for relocation of the Axin-GFP dots to
the plasma membrane. Notably, a FRET signal between Axin of4 hr under Wnt signaling conditions [27]. How-
ever, our observation contrasts recent results of Tolwin-Axin and LRP-5 has been observed in Wnt-stimulated
mammalian cells [26]; this result suggested a Wnt-induced ski et al. [28], who concluded that Wingless signaling
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Figure 3. A Function of Dsh in Relocating Axin-GFP to the Plasma Membrane
Four- to six-hr-old embryos expressing Axin-GFP, stained with -E-APC (red in merges).
(A–C) sggM11.
(D–F) dshv26.
The arrows point to Axin-GFP dots associated with the plasma membrane in sgg mutants (note that E-APC is partly delocalized from the
plasma membrane in these mutants; [19]). (D) Axin-GFP dots are no longer associated with the plasma membrane in dsh mutants.
reduces the levels of Axin (though the resolution of their GSK3 nor APC are required for relocation of Axin-GFP
to the plasma membrane. Interestingly however, noneimmunofluorescence may have been insufficient to re-
veal a Wingless-induced subcellular relocation of Axin). of the Axin-GFP dots are associated with the plasma
membrane in dsh mutants (Figures 3D–3F; Wingless isThis discrepancy may be due partly to differences in
Wingless exposure times. Also, our GFP tag may stabi- still expressed in these mutants at this stage). This is
the case even if Wingless is coexpressed with Axin-GFPlize Axin and render it somewhat refractory to Wingless-
induced destabilization. Whatever the case, under our in these mutants (not shown). Thus, Dsh is the most
downstream-acting component of the Wnt pathway thatexperimental conditions, the main effect of Wingless
signaling is clearly a relocation of Axin to the plasma is required for the relocation of Axin-GFP to the plasma
membrane.membrane rather than a destabilization of Axin.
We asked whether relocation of Axin-GFP to the We asked whether overexpressed Dsh may mediate
additional relocation. In wing discs, GFP-Dsh is associ-plasma membrane might be sufficient for its inactivation.
If so, overexpressed Wingless should block the exces- ated with apicolateral regions of the plasma membrane
whether or not Wingless signals [29]. In the embryo,sive activity of Axin-GFP. This is only partly true: we see
some restoration of naked cuticle (predominantly along GFP-Dsh is expressed very weakly, and we can only
detect it at late stages when Wingless has ceased tothe midline) in embryos coexpressing Wingless and
Axin-GFP (Figures 1E and 2M, arrowheads) compared signal in the epidermis. In these Wg cells, GFP-Dsh is
detectable in the cytoplasm throughout the embryo andto embryos expressing Axin-GFP alone (Figures 1B and
2L). Thus, a component upstream of Axin but down- forms occasional dots; it is also weakly associated with
the plasma membrane (Figure 4A). Notably, overex-stream of Wingless may be limiting in the inactivation
of Axin. The relocation of Axin to the plasma membrane pressed Dsh causes additional relocation of GFP-Axin
from the cytoplasm to the plasma membrane (Figuresmay be a necessary first step toward its inactivation.
To identify further components of the Wingless path- 4E–4G). Most embryos show wide zones of membrane-
associated Axin-GFP spanningWg cells that alternateway that are required for this relocation, we examined
Axin-GFP in various mutants. In sgg mutants, there are with narrow zones of cytoplasmic Axin-GFP dots coin-
cinding with Wg cells (Figure 4E, arrowhead), but, oc-no significant changes in the subcellular distribution of
the Axin-GFP dots, and their relocation to the plasma casionally, the membrane relocation is seen throughout
the embryo. This suggests that the additional Dsh-medi-membrane in Wg cells appears normal (Figures 3A–
3C). Likewise, the few residual GFP-Axin in Wg cells ated relocation depends on low levels of Wingless sig-
naling.of APC double mutants are associated with the plasma
membrane (Figures 1J and 1L, arrows). Thus, neither Overexpressed Dsh results in a partially naked cuticle
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Figure 4. Additional Membrane Relocation of Axin-GFP by Overexpressed Dsh and Membrane-Targeted Armadillo
(A) An 12-hr-old embryo expressing GFP-Dsh.
(B–D) High-magnification views (by DIC optics) of larval cuticles after expression of (B) Axin-GFP, (C) Axin-GFP  Dsh, or (D) Dsh. The
arrowheads in (C) point to stretches with naked cuticle and small denticles.
(E–J) Six- to nine-hr-old embryos, stained with -E-APC (red) and coexpressing (E–G) Axin-GFP  Dsh or (H–J) Axin-GFP  membrane-
targeted Arm*. (A–G) arm.GAL4-VP16 or (H–J) arm.GAL4 was used. Note that membrane-targeted Arm* causes a striking relocation of Axin-
GFP and E-APC to the lateral plasma membrane; this may explain in part its increased activity in mediating Wingless signaling.
[30], with only small denticles remaining (Figure 4D). expression of membrane-targeted Arm* causes a dra-
matic relocation of Axin-GFP, and of E-APC, to theThus, Dsh may inhibit endogenous Axin by relocating it
to the plasma membrane. Consistent with this, we see plasma membrane throughout the embryonic epidermis
(Figures 4H–4J), presumably by direct binding. Thislimited restoration of naked cuticle if we coexpress Axin-
GFP with Dsh, and we also see an abundance of small mimics the Wingless-induced membrane relocation of
Axin-GFP (see above), except that the membrane-tar-denticles (Figure 4C, arrowheads) that are sparse in wg
mutants [31] or in cuticles expressing Axin-GFP alone geted Arm* relocates Axin-GFP and E-APC to the entire
lateral membrane where it itself is localized (not shown).(Figure 4B). As in the case of Wingless, this suppression
of the activity of Axin-GFP is mild, suggesting that the No such relocation is seen under conditions of ubiqui-
tous high levels of untargeted Arm* (Figures 1J–1L andputative limiting component is upstream of Dsh. This
component may be Arrow, given that Arrow can bind to 3A–3C; not shown). The striking relocation of Axin-GFP
to the plasma membrane by the membrane-targetedAxin [28] and that an interaction between these two
components in mammalian cells is induced by Wnt sig- Arm* may cause its inactivation even in cells that are
only weakly stimulated by Wingless; thus, this findingnaling [26].
Membrane bound forms of activated Armadillo provides an alternative explanation for the increased
activity of membrane bound Armadillo [32].(“Arm*”; lacking their N termini) show significantly more
signaling activity than Arm* without a membrane-tar- Our work provides evidence that the assembly of Axin
complex in the cytoplasm depends on a membrane-geting domain [32]; this finding led these authors to
suggest that Armadillo exerts its signaling function in targeting function of E-APC. This function may also af-
fect targeting to internal membranes, or vesicles, sug-the cytoplasm rather than in the nucleus. However, over-
Relocation of Axin to the Plasma Membrane
965
Referencesgesting that the Axin complex may be associated with
vesicles. In support of this, overexpressed Axin is asso-
1. Cadigan, K.M., and Nusse, R. (1997). Wnt signaling: a commonciated with vesicles in Xenopus embryos [18]. Further-
theme in animal development. Genes Dev. 11, 3286–3305.
more, Dsh (which is required for the Wingless-induced 2. Polakis, P. (2000). Wnt signaling and cancer. Genes Dev. 14,
membrane relocation of Axin) is also associated with 1837–1851.
3. Ikeda, S., Kishida, S., Yamamoto, H., Murai, H., Koyama, S., andvesicles, and to some extent with the plasma membrane,
Kikuchi, A. (1998). Axin, a negative regulator of the Wnt signalingin vertebrate and Drosophila cells (e.g., [10, 11, 29, 33])
pathway, forms a complex with GSK-3 and -catenin and pro-(Figure 4A). Indeed, Axin and Dsh colocalize after over-
motes GSK-3-dependent phosphorylation of -catenin. EMBOexpression in vertebrate cells [11, 18]. Notably, the DIX
J. 17, 1371–1384.
domain of the mammalian Dsh protein Dvl-2 contains a 4. Ding, Y., and Dale, T. (2002). Wnt signal transduction: kinase
phospholipid binding motif that is conserved in the DIX cogs in a nano-machine? Trends Biochem. Sci. 27, 327–329.
5. Behrens, J., Jerchow, B.A., Wurtele, M., Grimm, J., Asbrand,domain of Axin, and targeting of Dvl-2 to vesicles by
C., Wirtz, R., Kuhl, M., Wedlich, D., and Birchmeier, W. (1998).this motif is essential for its function in controlling the
Functional interaction of an axin homolog, conductin, withdegradation of -catenin [34].
-catenin, APC, and GSK3. Science 280, 596–599.Therefore, a possible model is that the Axin complex 6. Hart, M.J. de los Santos, R., Albert, I.N., Rubinfeld, B., and
and Dsh are associated with the same vesicles, which Polakis, P. (1998). Downregulation of -catenin by human Axin
may be recycling endocytic vesicles. Dsh may target and its association with the APC tumor suppressor, -catenin
and GSK3. Curr. Biol. 8, 573–581.these vesicles constitutively to the plasma membrane,
7. Klingensmith, J., Nusse, R., and Perrimon, N. (1994). The Dro-where the Axin complex can interact potentially with
sophila segment polarity gene dishevelled encodes a novel pro-Wnt receptors. This complex may be retained at the
tein required for response to the wingless signal. Genes Dev.
plasma membrane as a result of a Wnt-induced interac- 8, 118–130.
tion between Axin and LRP/Arrow [26], and this retention 8. Noordermeer, J., Klingensmith, J., Perrimon, N., and Nusse, R.
may allow its subsequent inactivation. We note that (1994). dishevelled and armadillo act in the wingless signalling
pathway in Drosophila. Nature 367, 80–83.LRPs are thought to recycle to the plasma membrane
9. Siegfried, E., Wilder, E.L., and Perrimon, N. (1994). Componentsthrough endocytic vesicles [35], like their rapidly recy-
of wingless signalling in Drosophila. Nature 367, 76–80.cling LDL receptor relative [36]. Recycling vesicles may
10. Kishida, S., Yamamoto, H., Hino, S., Ikeda, S., Kishida, M., and
thus provide a platform for APC-mediated assembly of Kikuchi, A. (1999). DIX domains of dvl and axin are necessary
the Axin complex and may convey this complex to the for protein interactions and their ability to regulate -catenin
stability. Mol. Cell. Biol. 19, 4414–4422.plasma membrane for inactivation by Wnt receptors.
11. Smalley, M.J., Sara, E., Paterson, H., Naylor, S., Cook, D., Jayati-
lake, H., Fryer, L.G., Hutchinson, L., Fry, M.J., and Dale, T.C.
Experimental Procedures (1999). Interaction of axin and dvl-2 proteins regulates dvl-2-
stimulated TCF-dependent transcription. EMBO J. 18, 2823–
The following fly strains were used: UAS.Axin [12]; UAS.Dsh [30]; 2835.
UAS.MYR-flu-ArmN, UAS.flu-ArmN [32]; UAS.GFP-Dsh (kindly 12. Hamada, F., Tomoyasu, Y., Takatsu, Y., Nakamura, M., Nagai,
provided by J. Axelrod). Additional strains used here are described S., Suzuki, A., Fujita, F., Shibuya, H., Toyoshima, K., Ueno, N.,
in Flybase. Throughout this study, “mutant” means the absence of et al. (1999). Negative regulation of Wingless signaling by D-axin,
maternal and zygotic function (except for wg). a Drosophila homolog of axin. Science 283, 1739–1742.
Full-length Axin [12] was tagged at its C terminus with GFP, and 13. Willert, K., Logan, C.Y., Arora, A., Fish, M., and Nusse, R. (1999).
transgenic fly lines were isolated by standard procedures. Fixation A Drosophila Axin homolog, Daxin, inhibits Wnt signaling. Devel-
and antibody staining of embryos, and cuticle preparations, were opment 126, 4165–4173.
done as described [19, 22, 31]. Larvae coexpressing Axin-GFP and 14. Peifer, M., and Wieschaus, E. (1990). The segment polarity gene
Wingless or Dsh were identified as a distinct class among selected armadillo encodes a functionally modular protein that is the
green-fluorescing larval cuticles. Drosophila homolog of human plakoglobin. Cell 63, 1167–1176.
Embryos were costained with -Wg throughout this study to 15. Yoffe, K.B., Manoukian, A.S., Wilder, E.L., Brand, A.H., and Perri-
identify Wg cells. To detect membrane-targeted Arm*, mouse mon, N. (1995). Evidence for engrailed-independent wingless
-HA antibody 12CA5 (Roche) was used; other primary antibodies autoregulation in Drosophila. Dev. Biol. 170, 636–650.
were used as described [19, 22]. We used the secondary antibody 16. Kishida, S., Yamamoto, H., Ikeda, S., Kishida, M., Sakamoto, I.,
Alexa Fluor 594 goat -mouse (1:500; Molecular Probes) for Wing- Koyama, S., and Kikuchi, A. (1998). Axin, a negative regulator of
less or HA-epitope staining and used Cy5 goat -rabbit (1:500; Jack- the wnt signaling pathway, directly interacts with adenomatous
son Laboratories) for E-APC staining. Microscopy was done on a polyposis coli and regulates the stabilization of -catenin. J.
Bio-Rad Radiance confocal microscope. Biol. Chem. 273, 10823–10826.
Plasmids used for in vitro binding and protocols for pull-down 17. Zeng, L., Fagotto, F., Zhang, T., Hsu, W., Vasicek, T.J., Perry,
assays and Western blotting have been described [22]. To determine W.L., 3rd, Lee, J.J., Tilghman, S.M., Gumbiner, B.M., and Cos-
the levels of Axin-GFP (Figure 2O), 8- to 16-hr-old green-fluorescing tantini, F. (1997). The mouse Fused locus encodes Axin, an
embryos were selected. These include about 50% of Wingless- inhibitor of the Wnt signaling pathway that regulates embryonic
expressing embryos in the case of Wingless coexpression, as was axis formation. Cell 90, 181–192.
confirmed by parallel antibody stainings. 18. Fagotto, F., Jho, E., Zeng, L., Kurth, T., Joos, T., Kaufmann, C.,
and Costantini, F. (1999). Domains of axin involved in protein-
protein interactions, wnt pathway inhibition, and intracellularAcknowledgments
localization. J. Cell Biol. 145, 741–756.
19. Yu, X., Waltzer, L., and Bienz, M. (1999). A new Drosophila APCWe thank J. Axelrod, M. Wehrli, and G. Struhl for fly strains and H.
homologue associated with adhesive zones of epithelial cells.Pelham for discussion and comments on the manuscript.
Nat. Cell Biol. 3, 144–151.
20. McCartney, B.M., Dierick, H.A., Kirkpatrick, C., Moline, M.M.,
Received: February 26, 2003 Baas, A., Peifer, M., and Bejsovec, A. (1999). Drosophila APC2
Revised: April 4, 2003 is a cytoskeletally-associated protein that regulates wingless
Accepted: April 10, 2003 signaling in the embryonic epidermis. J. Cell Biol. 146, 1303–
1318.Published: May 27, 2003
Current Biology
966
21. Hamada, F., Murata, Y., Nishida, A., Fujita, F., Tomoyasu, Y.,
Nakamura, M., Toyoshima, K., Tabata, T., Ueno, N., and Aki-
yama, T. (1999). Identification and characterization of E-APC, a
novel Drosophila homologue of the tumour suppressor APC.
Genes Cells 4, 465–474.
22. Hamada, F., and Bienz, M. (2002). A Drosophila APC tumour
suppressor homologue functions in cellular adhesion. Nat. Cell
Biol. 4, 208–213.
23. Ahmed, Y., Nouri, A., and Wieschaus, E. (2002). Drosophila Apc1
and Apc2 regulate Wingless transduction throughout develop-
ment. Development 129, 1751–1762.
24. Akong, K., Grevengoed, E.E., Price, M.H., McCartney, B.M.,
Hayden, M.A., DeNofrio, J.C., and Peifer, M. (2002). Drosophila
APC2 and APC1 play overlapping roles in wingless signaling in
the embryo and imaginal discs. Dev. Biol. 250, 91–100.
25. Bienz, M. (1999). APC: the plot thickens. Curr. Opin. Genet. Dev.
9, 595–603.
26. Mao, J., Wang, J., Liu, B., Pan, W., Farr, G.H., 3rd, Flynn, C.,
Yuan, H., Takada, S., Kimelman, D., Li, L., et al. (2001). Low-
density lipoprotein receptor-related protein-5 binds to Axin and
regulates the canonical Wnt signaling pathway. Mol. Cell 7,
801–809.
27. Yamamoto, H., Kishida, S., Kishida, M., Ikeda, S., Takada, S.,
and Kikuchi, A. (1999). Phosphorylation of axin, a Wnt signal
negative regulator, by glycogen synthase kinase-3 regulates
its stability. J. Biol. Chem. 274, 10681–10684.
28. Tolwinski, N.S., Wehrli, M., Rives, A., Erdeniz, N., DiNardo, S.,
and Wieschaus, E. (2003). Wg/Wnt signal can be transmitted
through Arrow/LRP5,6 and Axin independently of Zw3/Gsk3
activity. Dev. Cell 4, 407–418.
29. Axelrod, J.D. (2001). Unipolar membrane association of Dishev-
elled mediates Frizzled planar cell polarity signaling. Genes Dev.
15, 1182–1187.
30. Wehrli, M., Dougan, S.T., Caldwell, K., O’Keefe, L., Schwartz,
S., Vaizel-Ohayon, D., Schejter, E., Tomlinson, A., and DiNardo,
S. (2000). arrow encodes an LDL-receptor-related protein es-
sential for Wingless signalling. Nature 407, 527–530.
31. Szuts, D., Freeman, M., and Bienz, M. (1997). Antagonism be-
tween EGFR and Wingless signalling in the larval cuticle of
Drosophila. Development 124, 3209–3219.
32. Chan, S.K., and Struhl, G. (2002). Evidence that Armadillo trans-
duces Wingless by mediating nuclear export or cytosolic activa-
tion of Pangolin. Cell 111, 265–280.
33. Yanagawa, S., van Leeuwen, F., Wodarz, A., Klingensmith, J.,
and Nusse, R. (1995). The dishevelled protein is modified by
wingless signaling in Drosophila. Genes Dev. 9, 1087–1097.
34. Capelluto, D.G., Kutateladze, T.G., Habas, R., Finkielstein, C.V.,
He, X., and Overduin, M. (2002). The DIX domain targets dishev-
elled to actin stress fibres and vesicular membranes. Nature
419, 726–729.
35. Lund, H., Takahashi, K., Hamilton, R.L., and Havel, R.J. (1989).
Lipoprotein binding and endosomal itinerary of the low density
lipoprotein receptor-related protein in rat liver. Proc. Natl. Acad.
Sci. USA 86, 9318–9322.
36. Brown, M.S., Anderson, R.G., and Goldstein, J.L. (1983). Recy-
cling receptors: the round-trip itinerary of migrant membrane
proteins. Cell 32, 663–667.
